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LINEARLY REGULATED BATTERY CHARGER 

Claim for Priority 

[0001] This application claims the benefit of priority under 35 U.S.C. § 1 19(e) of 
U.S. Provisional Application Number 60/441,715, filed on January 21, 2003, and entitled 
USB BATTERY CHARGER, the entirety of which is incorporated herein by reference. 

Background of the Invention 

Field of the Invention 

[0002] The present invention relates generally to battery chargers and more 
particularly to a battery charger that receives power from a limited *power source, such as a 
Universal Serial Bus (USB) power interface. 

Description of the Related Art 

[0003] Many electronic devices operate with a low direct current (DC) voltage 
supply such as, for example, 5 volts DC. The DC voltage supply may be derived from an 
alternating current (AC) adapter (e.g., by transforming, rectification and filtering of an AC 
voltage), or it may be supplied by one or more internal batteries of the electronic devices. 
Often, such a device obtains DC power from the AC adapter when the AC adapter is 
connected to the device and to an AC source and obtains power from the batteries when the 
AC adapter is not supplying power. If the batteries are rechargeable batteries, the device 
advantageously provides a portion of the DC power from the AC adapter to the batteries via a 
charging current to charge or to maintain the charge of the batteries. 

[0004] Devices are presently available that are connectable to a USB interface of 
a computer system via a USB cable. Although a USB device may have an independent AC 
adapter to provide DC power to the device, a low power device may obtain power from the 
computer system via a conductor in the USB cable. If the USB device has internal 
rechargeable batteries, a portion of the DC power may be used by a charging circuit to charge 
or to maintain the charge of the batteries. Generally, the DC power available via the USB 
cable is current limited. Thus, if the batteries are being charged while the device is operating, 
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sufficient current may not be available to sustain the proper operation of the device unless the 
current supplied to charge the batteries is limited. Thus, the charging current to the batteries 
is usually fixed and limited to the excess current available when the USB device is utilizing a 
maximum current. On the other hand, if the charging current to the batteries is always 
limited to the excess amount of current available when the device is operating at its 
maximum power, the amount of time required to charge the batteries may be excessive. 

Summary of the Invention 

[0005] The present invention solves these and other problems by providing a 
battery charger that controls a charging current to a rechargeable battery. In one embodiment, 
a system load (e.g., a portable electronic device) can be powered by an internal battery, an 
external primary power source, or an external secondary power source. The battery can be 
charged or recharged by the external primary power source or the external secondary power 
source. A logic interface circuit (or a device controller) places a power control circuit (e.g., a 
battery charger) in one of three modes: 1) a sleep mode in which the internal battery is 
disconnected, 2) a discharge mode in which the internal battery discharges in a reverse 
direction through a pass element to power an electronic device, or 3) a charge mode in which 
one of the external power sources chargers the internal battery. 

[0006] In one embodiment, a battery charger includes a dual input source selector 
with a first input coupled to a primary power source and a second input coupled to a 
secondary power source. The dual input source selector selectively couples the primary 
power source or the secondary power source to a system power terminal of the electronic 
device. A battery controller (or a charging circuit) couples a rechargeable battery to the 
system power terminal. 

[0007] In one embodiment, the primary power source is an AC adapter and the 
secondary power source is a USB power interface. Thus, the first input of the dual input 
source selector is coupled to an output of the AC adapter and the second input of the dual 
input source selector is coupled to an output of the USB power interface. Power from either 
the AC adapter or the USB power interface is provided to a system load coupled to the 



system power terminal. At the same time, power may be provided to the rechargeable battery 
which is also coupled to the system power terminal. 

[0008] The first input of the dual input source selector (or the first power input) 
and the second input of the dual input source selector (or the second power input) are diode 
OR-ed so that when only one power source is. present, that power source will be able to 
power the electronic device and to charge the battery. Furthermore, if either power input is 
shorted to ground, the OR-ing diodes serve as isolation circuits that block current flow in a 
reverse direction from the system power terminal to the shorted power input, which would 
present an unwanted load to the other power input or the battery in a discharge mode. 

[0009] In one embodiment, optional bypass transistors (e.g., P-channel MOSFETs 
or switches) are coupled across the respective OR-ing diodes (or isolation diodes) to 
selectively provide low impedance paths from the respective power inputs to the system 
power terminal. The bypass transistors effectively reduce the voltage drops across the 
respective isolation diodes when activated. Reducing the voltage drops across the isolation 
diodes ensures that there is adequate voltage to effectively charge the battery even on a low 
side of the power input regulation band. When the battery is in the discharge mode, the 
bypass transistors are turned off to prevent battery current from flowing to the power inputs. 

[0010] Power may be available from both the primary power source and the 
secondary power source at the same time. In one embodiment, the dual source selector 
automatically disconnects the secondary power source from the system power terminal when 
power is available from the primary power source. For example, if the AC adapter is active 
while the USB power interface is enabled, the AC adapter provides power to the system 
power terminal and an overriding circuit shuts off any bypass transistors associated with the 
USB power interface to prevent reverse current from flowing to the USB power interface. 

[0011] In one embodiment, a bi-directional device (or a pass element) in the 
battery controller couples a positive battery terminal to the system power terminal. The bi- 
directional device conducts a charging current in a first direction from the system power 
terminal to the positive battery terminal during charging of the battery and conducts a 
discharging current in a second direction from the positive battery terminal to the system 
power terminal during discharging of the battery (e.g., when the battery is providing power to 



the system load). The bi-directional device advantageously isolates the battery from the 
system load in the charge mode and provides a low-impedance path from the battery to the 
system load in the discharge mode. The bi-directional device can fully disconnect the battery 
from the system power terminal during the sleep mode. 

[0012] In one embodiment, a battery control loop senses a voltage difference 
between the system power terminal and the positive battery terminal. The battery control 
loop outputs a feedback control signal based on the voltage difference. A pass element driver 
accepts the feedback control signal and configures the bi-directional device to conduct a 
charging current when the voltage of the system power terminal is greater than the voltage of 
the positive battery terminal. The pass element driver configures the bi-directional device to 
conduct a discharging current when the voltage of the system power terminal is less than the 
voltage of the positive battery terminal. In another embodiment, a discharge command is 
provided to the battery control loop to configure the bi-directional device to operate in the 
discharge mode. 

[0013] In one embodiment, the battery controller (or the charging circuit) linearly 
regulates the charging current of the bi-directional device. For example, current from the 
USB power interface is limited. A typical USB power interface can provide either 500 mW 
(e.g., 5 volts at 100 mA) or 2500 mW of power (e.g., 5 volts at 500 m A) depending on the 
configuration of the USB interface. A portable device plugged into the USB interface should 
not demand more power than what the USB power output can provide. Thus, when the 
battery charger receives power from the USB power interface, the charging current may be 
limited so as not to demand total supply current in excess of what the USB power interface 
can provide. 

[0014] In one embodiment, a current sensor measures the total supply current 
being drawn from the USB interface. The charging circuit compares the total supply current 
with a predefined (e.g., a user defined limit or a maximum) current capability of the particular 
USB interface to determine whether any excess power is available to charge the battery and 
still remain in compliance with the USB standard (e.g., maintaining the total supply current at 
or below a predetermined or a maximum allowable current). 



[0015] In one embodiment, an error amplifier compares an output of the current 
sensor to a selectable reference level corresponding to the predetermined (or maximum) 
allowable current of the USB interface. An output of the error amplifier overrides the battery 
control loop to reduce the charging current when the output of the current sensor indicates 
that the total supply current exceeds the maximum allowable current. 

[0016] The ability to linearly control the charging current ensures that the battery 
receives all or a substantial portion of the current that is available from a computer system via 
a USB cable that is not used to operate a USB device at any given time. The available 
charging current advantageously decreases as current requirements for the USB device 
increases, and the available charging current advantageously increases as the current 
requirements for the USB device decreases. 

[0017] In one embodiment, the bi-directional device in the battery controller is a 
field effect transistor (FET), such as a P-channel enhancement mode metal-oxide 
semiconductor FET (MOSFET). A body-connected source terminal is coupled to the system 
power terminal and a drain terminal is coupled to the positive battery terminal. 

[0018] In another embodiment, the bi-directional device is a P-channel MOSFET 
with a configurable body contact. The configurable body contact is coupled to the system 
power terminal during a battery charge mode and coupled to a battery terminal during a 
battery discharge mode. In one embodiment, a comparator senses a voltage polarity across 
the source-drain terminals of the P-channel MOSFET to connect the body contact 
accordingly. The configurable body contact serves as a reference for the pass element driver. 
With the body contact connected to the source-drain terminal with a relatively higher voltage, 
the pass element driver can stop current from flowing in either direction through the bi- 
directional device by driving its gate voltage to logic high, thereby fully disconnecting the 
battery form the system power terminal. In one embodiment, a switching diode can be 
coupled across the P-channel MOSFET to assist in a transient response of the battery if a full 
disconnection from the system power terminal is not required. 

[0019] The voltage at a gate terminal of a FET can be linearly adjusted to vary the 
impedance of the FET to control or to limit the level of the charging or discharging current. 
In one embodiment, the impedance is relatively higher during a discharge mode at light load 



levels in order to maintain a desired (or a minimum) reverse voltage across the source-drain 
terminals of the FET and to provide hysteresis between charge and discharge mode 
switching. 

[0020] In one embodiment, a current limiting circuit is coupled between the USB 
power interface and the second input to ensure that the current supplied by the USB power 
interface does not exceed a predetermined level. The current limiting circuit helps to provide 
full USB current compliance even if current to the system load exceeds the specified limit of 
the USB power interface. 

[0021] In one embodiment, the battery controller automatically enters a discharge 
mode so that the battery can assist the USB power interface in providing current to the system 
load when the supply current exceeds a predefined level. For example, the battery controller 
senses when the system power terminal voltage falls below the battery terminal voltage to 
indicate insufficient current is provided to the system load and begins to discharge the battery 
to provide additional current to the system load. 

[0022] These and other objects and advantages of the present invention will 
become more fully apparent from the following description taken in conjunction with the 
accompanying drawings. For purpose of summarizing the invention, certain aspects, 
advantages and novel features of the invention have been described herein. It is to be 
understood that not necessarily all such advantages may be achieved in accordance with any 
particular embodiment of the invention. Thus, the invention may be embodied or carried out 
in a manner that achieves or optimizes one advantage or group of advantages as taught herein 
without necessarily achieving other advantages as may be taught or suggested herein. 

Brief Description of the Drawings 

[0023] Figure 1 is a block diagram of one embodiment of a battery charger in 
accordance with the present invention. 

[0024] Figure 2 is a schematic diagram of a portion of the battery charger shown 
in Figure 1 . 

[0025] Figure 3 is a schematic diagram of one embodiment of a battery controller. 



[0026] Figure 4 is a schematic diagram of another embodiment of a battery 
controller. 

Detailed Description of the Invention 

[0027] Embodiments of the present invention will be described hereinafter with 
reference to the drawings. Figure 1 illustrates a block diagram of one embodiment of a 
battery charger. The battery charger includes a source selector 100, a current sensor 102 and 
a battery controller 104. The source selector 100 selectively couples either a primary power 
source (PI) or a secondary power source (P2) to a system power terminal (V-LOAD). The 
system power terminal provides a load current to a system load 108. In one embodiment, the 
voltage at the system power terminal is a relatively low DC voltage (e.g., 5 volts DC) and the 
system load 108 is a portable electronic device (e.g., a USB device). 

[0028] In one embodiment, the secondary power source (e.g., a USB power 
interface or port) can supply a limited amount of current and an optional current limiter 112 
is inserted between the secondary power source and an input to the source selector 100 to 
clamp the supply current from the secondary power source at a predetermined level. 

[0029] The current sensor 102 is coupled in series between the secondary power 
source and the system power terminal to measure current supplied by the secondary power 
source. The current sensor 102 can be placed before or after the source selector 100. In the 
embodiment shown in Figure 1, the current sensor 102 is placed between an output of the 
source selector 100 and the system power terminal. In one embodiment, the current sensor 
102 outputs a sense signal (e.g., a current or a voltage) indicative of the supply current from 
the secondary power source. The sense signal (I-SENSE) is provided to the battery controller 
104. 

[0030] The battery controller 104 is coupled between the system power terminal 
and a battery 110. In one embodiment, the battery 110 is a rechargeable (or an internal) 
battery that supplies current to the system load 108 when the primary power source and the 
secondary power source do not supply sufficient current to the system load 108. The battery 
110 can be charged or recharged by either of the power sources when the electronic device 
108 is inactive or when the load current is less than a predefined (e.g., a maximum) current 
capability of the active power source. In one embodiment, the battery controller (or charging 



circuit) 104 controls a charging current supplied to the battery 110 by one of the power 
sources and a discharging current supplied by the battery 1 10 to the system load 108 using a 
bi-directional device. 

[0031] In one embodiment, the battery controller 104 linearly adjusts (or 
regulates) the charging current and may limit the charging current to ensure that the supply 
current from the secondary power source is less than a predefined level For example, the 
charging current may be scaled back when the system load 108 demands more power to allow 
the combination of the charging current and the load current to be less than the predefined 
level. The ability to linearly control the charging current ensures that the battery controller 
104 can utilize a desired portion or substantially all of the available power to charge the 
battery 110. The available charging current advantageously decreases as the load current 
increases, and the available charging current advantageously increases as the load current 
decreases. 

[0032] In one embodiment, a logic interface circuit 106 accepts inputs from one 
or more control lines and generates control signals for the source selector 100 and the battery 
controller 104. For example, the control lines can receive information from a user input, a 
computer system, a controller for the electronic device (or system load) 108, or sensors to 
generate the appropriate control signals. In one embodiment, a sensor detects for availability 
of power from one of the power sources and causes the logic interface circuit 106 to output 
one or more source enable signals to the source selector 100 to couple the available power 
source to the system power terminal. For example, an AC detection logic signal is optionally 
available to the logic interface circuit 106 to indicate when power from an AC adapter is 
available. 

[0033] In one embodiment, the logic interface circuit 106 outputs a plurality of 
control signals to the battery controller 104. For example, the logic interface circuit 106 
outputs a controller enable signal to configure the mode of operation for the battery controller 
104. In a first state, the controller enable signal causes the battery controller 104 to be in a 
shutdown (or sleep) mode which disconnects the battery 110 from the system power terminal. 
In a second state, the controller enable signal configures the battery controller 104 for normal 
operations with a battery control loop determining whether the battery controller 104 is in a 



charge mode or a discharge mode. In one embodiment, the logic interface circuit 106 also 
outputs a discharge commanci to force the battery controller 104 into the discharge mode and 
a limit selector to select a desired reference level for limiting the charging current. Further 
details of the battery controller 104 will be described below. 

[0034] Figure 2 is a schematic diagram of a portion of the battery charger shown 
in Figure 1 . An AC adapter 228 (e.g., a primary power source) is coupled to a first input of a 
source selector 224, and a USB power interface 230 (e.g., a secondary power source) is 
coupled to a second input of the source selector 224. The AC adapter 228 translates (e.g., by 
transformation, rectification and filtering) an AC voltage into a relatively low DC voltage for 
the first input. The USB power interface 230 receives DC power from a computer system via 
a USB cable for the second input. 

[0035] In one embodiment, the source selector 224 includes at least two isolation 
circuits (e.g., isolation diodes) 200, 202. The first isolation diode 200 is coupled between the 
first input and a system power terminal (V-LOAD). For example, an anode of the first 
isolation diode 200 is coupled : to the first input and a cathode of the first isolation diode 200 
is coupled to the system power terminal. The second isolation diode 202 is coupled between 
the second input and an intermediate node. For example, the second isolation diode 202 has 
an anode coupled to the second input and a cathode coupled to the intermediate node. The 
intermediate node can be connected directly to the system power terminal. However, in an 
embodiment in which current sensing is desired, a series-connected sensing resistor 220 
couples the intermediate node to the system power terminal. 

[0036] Power from either the AC adapter 228 or the USB power interface 230 can 
be provided to the system power terminal via the respective isolation diodes 200, 202. An 
electronic device (e.g., a USB compatible device) is coupled to the system power terminal to 
obtain power for normal operations. At the same time, power may be provided to a 
rechargeable battery which is also coupled to the system power terminal. In other words, the 
first input and the second input of the source selector 224 are diode OR-ed so that when only 
one power source is present, that power source will be able to power the electronic device 
and to charge the battery. Furthermore, if either input is shorted to ground, the OR-ing 



diodes (or isolation diodes) 200, 202 block current flow in a reverse direction from the 
system power terminal to the shorted input. 

[0037] In one embodiment, bypass transistors 204, 206 are coupled across the 
respective isolation diodes 200, 202 to reduce the voltage drops across the isolation diodes 
200, 202 when the isolation diodes 200, 202 are conducting. The bypass transistors 204, 206 
can be selectively activated to provide low impedance paths between the respective inputs of 
the source selector 224 to the system power terminal. The bypass transistors 204, 206 
facilitate lower input voltage ranges for powering the electronic device and charging the 
battery. When the battery is in a discharge mode, the bypass transistors 204, 206 are turned 
off to prevent battery current from flowing to the power sources. 

[0038] In one embodiment, the bypass transistors 204, 206 are P-channel 
MOSFETs with source terminals coupled to the respective cathodes of the isolation diodes 
200, 202 and drain terminals coupled to the respective anodes of the isolation diodes 200, 
202. The bypass transistors 204, 206 can be turned on or off by applying control logic to the 
respective gate terminals of the bypass transistors 204, 206. 

[0039] In one embodiment, the gate voltage of the first bypass transistor 204 is 
pulled up to logic high by a first pull-up resistor 210 coupled between the gate terminal of the 
first bypass transistor 204 and the system power terminal. If the first bypass transistor 204 is 
a P-type transistor, the logic high effectively turns off the first bypass transistor 204. To turn 
on the first bypass transistor 204, a first pull-down transistor (or N-channel switch) 208, 
controlled by an AC-enable signal, is coupled between the gate terminal of the first bypass 
transistor 204 and ground. For example, the first pull-down transistor 208 has a drain 
terminal coupled to the gate terminal of the first bypass transistor 204, a source terminal 
coupled to ground, and a gate terminal coupled to the AC-enable signal. When the AC- 
enable signal is activated (or logic high), the first pull-down transistor 208 overrides the first 
pull-up resistor 210 and pulls the gate terminal of the first bypass transistor 204 to logic low, 
effectively turning on the first bypass transistor 204. 

[0040] In a similar manner, the second bypass transistor 206 has a second pull-up 
resistor 216 and a second pull-down transistor 212 to control its on/off states. In one 
embodiment, the second pull-up resistor 216 is coupled between the system power terminal 
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and a drain terminal of the second pull-down transistor 212. The second pull-down transistor 
212 has a source terminal coupled to ground and a gate terminal controlled by a USB-enable 
signal. The drain terminal of the second pull-down transistor 212 is coupled to the gate 
terminal of the second bypass transistor 206 via a series-connected current-limiting resistor 
214. 

[0041] The current-limiting resistor 214 advantageously allows for an overriding 
circuit (e.g., an override diode) 218 to be coupled between the first input of the source 
selector 224 and the gate terminal of the second bypass transistor 206. Power may be 
available from both the AC adapter 228 and the USB power interface 230 at the same time. 
The override diode 218 automatically turns off the second bypass transistor 206 when power 
is available from the AC adapter 228, overriding any control by the second pull-down 
transistor 212 or the second pull-up resistor 216. Turning off the second bypass transistor 
206 effectively isolations the USB power interface 230 from the system power terminal when 
the AC adapter 228 is active. 

[0042] The power available from the USB power interface 230 is limited. For 
example, the USB power interface 230 may have a maximum current rating of 100 mA or 
500 mA at 5 volts. In one embodiment, a current sensor 226 monitors current from the USB 
power interface 230 to ensure compliance with the maximum current rating. The current 
sensor 226 includes the current sensing resistor 220 and a sense circuit 222. As described 
above, the sensing resistor 220 is coupled between the second isolation diode 202 and the 
system power terminal to sense the current from the USB power interface 230. The sense 
circuit 222 is coupled across the sensing resistor 220 and generates a sense signal (I-SENSE) 
indicative of the current level from the USB power interface 230. The sense signal can be a 
voltage or a current which is provided to the battery controller 104 for comparison with a 
reference corresponding to the predetermined (or a maximum) current capability of the 
particular USB power interface 230. Base on the comparison, the battery controller 104 
determines the amount of excess power available to charge the battery and still remain in 
compliance with the USB standard or any other specification. 

[0043] Figure 3 is a schematic diagram of one embodiment of a battery controller 
320. The battery controller 320 includes a bi-directional device (or a pass element) 300 



coupled between a system power terminal (V-LOAD) and a battery terminal (V -BATTERY). 
The bi-directional device 300 conducts a charging current in a first direction from the system 
power terminal to the battery terminal to charge a battery coupled to the battery terminal. 
The bi-directional device 300 also conducts a discharging current in a second (or opposite) 
direction from the battery terminal to the system power terminal to provide power to a system 
load coupled to the system power terminal. The bi-directional device 300 advantageously 
isolates the battery from the system load during charging of the battery and provides a 
relatively low-impedance path from the battery to the system load during discharging of the 
battery. 

[0044] Furthermore, the bi-directional device 300 allows for regulation of the 
charging current, the discharging current, or both. In one embodiment, the bi-directional 
device 300 is a FET, such as a P-channel MOSFET shown in Figure 3. The P-channel 
MOSFET 300 has a source terminal coupled to the system power terminal and a drain 
terminal coupled to the battery terminal. The voltage at a gate terminal of the P-channel 
MOSFET 300 can be varied to control (or regulate) the current flow through the P-channel 
MOSFET 300. 

[0045] In one embodiment, a battery control loop 304 controls the various 
operating modes of the bi-directional device 300. For example, the battery control loop 304 
determines whether to operate the bi-directional device 300 in a charge mode to charge the 
battery, a discharge mode to provide battery power to the system load, or a disabled mode to 
disconnect the battery from the system load. The battery control loop 304 can also determine 
the charging or discharging current levels. The operating modes and the curr.ent levels may 
. be dictated by a system controller (not shown). 

[0046] In one embodiment, the battery control loop 304 includes two inputs 
coupled to the system power terminal and the battery terminal respectively to automatically 
sense or determine the operating mode. For example, when the system power terminal is 
greater than the battery terminal by a first predefined amount, the battery controller 320 
operates in the charge mode. When the system power terminal is less than the battery 
terminal by a second predefined amount, the battery controller 320 operates in the discharge 
mode. In one embodiment, the battery control loop 304 has a third input coupled to the gate 



-12- 



terminal of the bi-directional device 300. The battery control loop 304 detects a voltage 
difference between the system power terminal and the battery terminal. The battery control 
loop 304 outputs a feedback control signal based on the voltage difference and the voltage at 
the gate terminal of the bi-directional device 300. The feedback control signal determines the 
direction and level of current conducted by the bi-directional device 300. 

[0047] In one embodiment, the feedback control signal is provided to a pass 
element driver 302, which controls the conduction state of the bi-directional device 300. For 
example, an output of the pass element driver 302 is coupled to the gate terminal of the bi- 
directional device 300. The pass element driver 302 can vary the voltage at the gate terminal 
linearly to regulate or limit the charging current or the discharging current through the bi- 
directional device 300. At the same time, varying the voltage at the gate terminal desirably 
varies the impedance across the source-drain terminals of the bi-directional device 300. In 
one embodiment, the impedance varies inversely with the level of discharge current. The 
impedance is advantageously higher for low discharge currents to maintain a sufficient 
reverse voltage across the source-drain terminals to provide hysteresis in changing operating 
modes. 

[0048] The battery controller 320 is capable of receiving power from a USB port. 
The USB port has limited power. Thus, the charging current conducted by the bi-directional 
device 300 may be limited so as not to demand power in excess of what the USB port can 
provide. In one embodiment, a current sensor monitors the supply current from the USB port 
as described above. An output of the current sensor' (I-SENSE) is provided to an input 
terminal of an error amplifier 306. The error amplifier 306 compares the output of the 
current sensor with a selected reference level corresponding to a maximum (or a desired) 
current rating. For example, a first reference level (REF1) corresponds to a 100 mA supply 
current limit and a second reference level (REF2) corresponds to a 500 mA supply current 
limit. A logic signal (LIMIT SELECTOR) can control a switch 312 to choose which 
reference level to use based on a particular specification of the USB port. 

[0049] An output of the error amplifier 306 is provided to the pass element driver 
302. If the output of the current sensor indicates that the supply current exceeds the selected 
limit, the output of the error amplifier 306 overrides (or dominates) the output of the battery 



-13- 



control loop 304 to decrease or suppress the charging current through the bi-directional 
device 300. The charging current varies as a load current to the system load changes so that 
the total current to both the system load and the battery at any given time does not exceed a 
predefined (or a maximum) rating when power is provided by the USB port. 

[0050] In one embodiment, the output of the error amplifier 306 is wire OR-ed 
with the output of the battery control loop 304. For example, a diode 308 is coupled between 
the output of the battery control loop 304 and an input of the pass element driver 302. A 
diode 310 is coupled between the output of the error amplifier 306 and the input of the pass 
element driver 302. The diodes 308, 310 have commonly connected anodes coupled to the 
same input of the pass element driver 302. The diodes 308, 310 have cathodes coupled to the 
output of the battery control loop 304 and the output of the error amplifier 306 respectively. 

[0051] In one embodiment, the discharge mode is enabled by, an external 
discharge -control signal (DISCHARGE). When the external discharge control signal is 
inactive, the bi-directional device 300 turns off to isolate the battery from the system load 
when the voltage at the battery terminal is greater than the voltage at the system power 
terminal. When the external discharge control signal is active, the bi-directional device 
conducts a discharging current from the battery to the system load when the voltage at the 
battery terminal is greater than the voltage at the system power terminal. In one embodiment, 
the battery control loop '304 controls the impedance of the bi-directional device 300 to limit 
the discharging current to a desired level. 

[0052] Figure 4 is a schematic diagram of another embodiment of a battery 
controller 420. Portions (e.g., the pass element driver 302, the battery control loop 304, the 
error amplifier 306) of the battery controller 420 illustrated in Figure 4 is substantially similar 
to corresponding portions of the battery controller 320 illustrated in Figure 3. Details of the 
similar portions will not be discussed further. The battery controller 420 of Figure 4 
illustrates a configurable body MOSFET 400 as a bi-directional device for conducting a 
charging current from a power source to a battery or a discharging current from the battery to 
a system load. The configurable body MOSFET 400 has source-drain terminals coupled to a 
system power terminal and a battery terminal respectively. 
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[0053] In one embodiment, the configurable body MOSFET 400 is a P-channel 

MOSFET with a floating body connection such that either side of the channel can be wired as 

« 

a source terminal. For example, a configurable body contact can be coupled to the system 
power terminal (V-LOAD) by a first switch 402 to define the source terminal as connected to 
the system power terminal for the P-channel MOSFET 400. The configurable body contact 
can also be coupled to the battery terminal (V-BATTERY) by a second switch 404 to define 
the source terminal as connected to the battery terminal for the P-channel MOSFET 400. 

[0054] The configurable body contact is coupled to the system power terminal 
during a battery charge mode and coupled to the battery terminal during a battery discharge 
mode. In one embodiment, a comparator 406 senses which side of the P-channel MOSFET 
400 is a higher voltage and connects the body to that side of the channel to define the source 
terminal. For example, a positive input terminal of the comparator 406 is coupled to the 
system power interface. A negative input terminal of the comparator 406 is coupled to the 
battery terminal. 

[0055] An output of the comparator 406 controls the first switch 402 to configure 
the terminal of the P-channel MOSFET 400 connected to the system power terminal as the 
source in the battery charge mode (e.g., when the voltage of the system power terminal is 
greater than the voltage of the battery terminal). In the battery charge mode, the P-channel 
MOSFET 400 functions as a linear regulator pass element and varying the degree of 
enhancement (or gate voltage) of the P-channel MOSFET 400 regulates a charging current to 
the battery. 

[0056] The output of the comparator 406 is provided to an inverter 408, and an 
output of the inverter 408 controls the second switch 404. Thus, the second switch 404 
operates in an opposite phase to the first switch 404. The second switch 404 configures the 
terminal of the P-channel MOSFET 400 connected to the battery terminal as the source in the 
battery discharge mode (e.g., when the voltage of the battery terminal is greater than the 
voltage of the system power terminal). In the battery discharge mode, the P-channel 
MOSFET 400 regulates a discharging current from the battery or can become a fully 
enhanced switch to allow current to flow unrestricted in reverse direction to the system load. 



[0057] In one embodiment, the output of the inverter 408 is used to qualify a 
discharge command (DISCHARGE) and to engage the battery control loop 304 to commence 
a battery discharge mode. For example, the output of the inverter 408 is provided to a first 
input of a NAND logic gate 412. The discharge command is provided to a second input of 
the NAND logic gate 412. An output of the NAND logic gate 412 is provided to the battery 
control loop 304. Thus, when the battery terminal voltage is greater than the system power 
terminal voltage, the battery control loop 304 engages the pass element driver 302 and places 
the P-channel MOSFET 400 in the discharge mode if the discharge command is active. 

[0058] In one embodiment, the configurable body contact allows a body diode of 
the P-channel MOSFET 400 to be connected to the battery terminal through the second 
switch 404, thereby allowing the pass element driver 302 to turn off the P-channel MOSFET 
400 during a shutdown or disable mode to fully disconnect the battery from the system power 
terminal. In one embodiment in which full disconnection from the battery is not required, a 
switching diode 416 is coupled across the P-channel MOSFET 400 to improve a transient 
response by the battery. The switching diode 416 has an anode coupled to the battery 
terminal and a cathode coupled to the system power terminal. The switching diode 416 is a 
high-speed device that provides a faster switchover transient response when the battery 
provides power to the system load. The switching diode 416 is inactive during the battery 
charge mode. 

[0059] While certain embodiments of the inventions have been described, these 
embodiments have been presented by way of example only, and are not intended to limit the 
scope of the inventions. Indeed, the novel methods and systems described herein may be 
embodied in a variety of other forms; furthermore, various omissions, substitutions and 
changes in the form of the methods and systems described herein may be made without 
departing from the spirit of the inventions. The accompanying claims and their equivalents 
are intended to cover such forms or modifications as would fall within the scope and spirit of 
the inventions. 
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